We study the effect of deuteration and annealing on the fluorescence spectrum shape and VUV to visible conversion efficiency of TPB films in a polystyrene matrix with input light from 120 to 220 nm. We observed no discernible difference in the fluorescence spectrum shape between any of the films. The deuterated film performed equally well compared to the standard one in terms of conversion efficiency, but annealing seems to degrade this efficiency to roughly 75% of its non annealed value at all wavelengths studied.
Introduction and Motivation
Various experiments in search of answers to some of the most intriguing questions in physics today have been proposed, are under development, or are being conducted using liquid noble gases as particle detectors or as media in which the experiment is conducted. These include: detectors for the detection of dark matter in the form of Weakly Interacting Massive Particles [1, 2, 3, 4, 5, 6, 7] , neutrino and other particle detectors [8, 9, 10, 11, 12, 13, 14, 15] , searches for the neutron's electric dipole moment [16, 17] , and measurements of the neutron lifetime [18] . Many of these radiation detector systems use the scintillation light from particle interactions in the noble gas. Noble gasses have remarkably high scintillation yield (typically between 20 and 40 photons per keV [19] ). The main complication with detecting noble gas scintillation photons is that they are well into the vacuum ultraviolet (VUV), ranging from approximately 80 nm (for helium and neon) to 128 nm (for argon) and 175 nm (for xenon). Photons at this wavelength are quite difficult to detect because they are at a short enough wavelength to scatter off of most chemical bonds (and are therefore strongly absorbed by most materials) but are not energetic enough to be detected with some calorimetric system (as one would with x rays or γ rays).
Since xenon scintillation photons have the longest wavelength of the noble gases commonly used as radiation detectors, some xenon-based detectors are designed to be directly sensitive to 175-nm light (these are typically those using avalanche photodiodes or phototubes with quartz windows). Detectors using the other noble gasses require that the scintillation photons be shifted into visible light with some fluorescent material (note that depending on the details of their photon detection system, some xenon detectors also use this approach to boost their detection efficiency). Because noble gasses are transparent to their scintillation photons, these fluorescent materials do not have to be dissolved or suspended in the bulk detector. Instead they tend to be films deposited onto surfaces with which the noble gas is in contact. These fluorescent films tend to be hydrocarbon plastics containing several phenyl groups. One popular and therefore well-studied wavelength shifting (WLS) plastic is "1,1,4,4-Tetraphenyl Butadiene" (TPB) [20, 21, 22] . In particular, for liquid helium scintillation detection, TPB has been used in several experiments including Refs. [18, 23, 24, 25] .
For experiments in which ultracold neutrons (UCN) [26, 27] are stored in a volume filled with liquid helium and the walls of the UCN storage volume are coated with WLS plastic, it is important that the WLS film be made of deuterated material: regular (i.e. protonated) WLS would cause neutrons to be captured on hydrogen atoms thereby providing no neutron storage. (The use of deuterated polystyrene for UCN storage was first proposed and demonstarted by Lamoreaux [28] .) The Neutron EDM experiment [16, 17] , currently under development to be mounted at the Spallation Neutron Source at the Oak Ridge National Laboratory, is one such experiment. Furthermore the walls of the UCN storage cell (nominally made of PMMA) need to be annealed before and/or after the construction of the cell to properly remove the stress stored in the material for cryogenic use. Both the deuteration and annealing of the WLS films have the possibility of altering the visible fluorescence spectrum and/or the VUV-to-visible conversion efficiency from those measured in previous work.
Methods and Measurements
For the work presented in this article, we measured the visible fluorescence spectra and absolute fluorescence efficiency for three wavelength shifting films:
1. 70% polystyrene (PS) plus 30% tetra-phenyl butadiene,
3. the same mixture as 2, but annealed at 75
• C for 12 hours.
The three WLS films were prepared by dissolving the mixture of the two plastics into toluene at a ratio of 1 g of the plastic mixture to 20 g of toluene, and then dipping one face of an acrylic disc (2.5 cm diameter, 6 mm thick Solacryl SUVT acrylic, manufactured by Spartech Polycast [29] ) into the toluene solution. The thickness of other WLS films prepared in this manner was measured with a spectral reflectometer and found to be in the range of 0.5 − 0.8 µm. References [20] and [22] found no significant impact of film thickness in this range on fluorescence spectrum or efficiency. The protonated PS had an average molecular weight of 280,000, and the deuterated PS had an average molecular weight of 170,000. In the case of the deuterated films, deuterated toluene-d 8 was used to dissolve the plastics. The deuterated plastics were obtained at 98% deuteration from Polymer Source Inc. (PS) and ISOTEC Stable Isotopes (TPB). Visible fluorescence spectra were measured with input VUV light at: 125 nm, 160 nm, and 175, nm. 160 nm corresponds to a bright peak in our light source, while 125 and 175 nm correspond to the wavelength of the scintillation light from argon and xenon (two increasingly common materials for the active component of radiation detectors). The total efficiency curve for converting VUV to visible light was measured from 120 nm to 220 nm. We performed both of these measurements using the same experimental hardware used in Reference [22] . In short, the apparatus consists of a deuterium lamp, coupled to a holographic grating monochromator. Light from the output of the monochromator impinged on our three WLS film samples to create visible fluorescence light. This fluorescence light was then detected with either a spectrometer (to measure the shape of the fluorescence spectrum) or a calibrated photodiode cell (to measure the absolute spectral intensity). The entire optical train is contained in the same vacuum volume, with pressure between 5 × 10 −5 and 8 × 10
Torr at all times during data taking. The total efficiency curve for each WLS film was calculated under the assumption of a Lambertian angular emission spectrum. The short wavelength bound for measurement of the total efficiency curve was determined by the transmittance of the magnesium fluoride (MgF 2 ) window of the deuterium lamp. The long wavelength cutoff for that measurement was determined by the appearance of a second order peak from the monochromator grating at half the selected wavelength (we will add a set of order sorting filters to the lamp to remove these second order peaks and extend our future studies to longer wavelengths). Experimental uncertainties were calculated for each point in the total efficiency curve accounting for:
1. noise in the measurement of the photodiode current, 2. uncertainty in the calibrated response of the photodiode, 3. spread in the wavelength of the light from the monochromator.
All other sources of uncertainty (including those from the survey of the instrument used to calculate the geometric efficiency of both photon sensors) were small compared to the three listed above and were therefore neglected. For more detail on the experimental hardware and data analysis, please refer to Reference [22] .
Results and Discussion
We plot all nine visible fluorescence spectra (three WLS films at three input wavelengths) in Figure 1 . reader should first note that the fluorescence spectra in Figure 1 peak at a wavelength consistent with those in Reference [21] (just less than 450 nm) than those examined in Reference [22] (which peak at approximately 420 nm). This clearly follows from the fact that the films in this work were prepared in a similar manner to those in Reference [21] , as opposed to Reference [22] , in which the TPB films were created by vacuum deposition. The mixture of PS and TPB makes the films far more durable and therefore easy to handle compared to vacuum deposited films. In addition, for the nEDM experiment, it is necessary to use WLS film made by mixing PS and TPB because the UCN storage cell wall will also act as light guide so the wall need to have optically smooth surfaces. It appears that the emission spectrum is affected by the environment in which the TPB molecules are placed. Similar effects have been observed in previous studies in the literature [31] . For convenient comparison by the reader, we reproduce those previous fluorescence spectra here in Figure 2 .
At first glance, the fluorescence spectra have some dependence on the wavelength of input VUV light. There are features at longer wavelength (a shoulder at ≈ 550 nm, and a peak at ≈ 650 nm) present in the 125 and 175 nm spectra that are missing from the 160 nm spectrum. The intensity of these features seems to scale not with input photon wavelength, but rather with the lamp intensity at those VUV wavelengths. They also are strongest in the annealed films, which as we will discuss later in the article, have a lower efficiency for converting VUV to visible light and therefore produce dimmer fluorescence spectra. Recall that the lamp used for this measurement has a strong peak at 160 nm, so the fluorescence spectrum is much more intense than noise from the charged coupled device (CCD) in the spectrometer (because there is a much higher rate of VUV photons incident on the WLS film). There is a smaller peak in the lamp spectrum at 125 nm, but it is strongly attenuated by the lamp's window (MgF 2 has a transmittance of ≈ 50% at 125 nm). There is a strong continuum spectrum from the lamp that extends well into the visible band which is unaffected by the MgF 2 window. Therefore, the brightest fluorescence spectrum we measure is at 160 nm, followed by 175 nm, with 125 nm being the dimmest. To collect adequate statistics on the dimmer spectra, we must integrate for longer and sum more CCD exposures. This allows for transient signals like dark noise or cosmic rays to contaminate the those dimmer spectra more strongly than the brighter one. For these reasons, we attribute these spectral features near 550 and 650 nm to instrumental artifacts arising from transient backgrounds in a few of the pixels in the CCD. We therefore use the 160 nm fluorescence spectra for all three WLS films when calculating the total efficiency because it represents, the "cleanest" measurement of TPB fluorescence spectrum. The total conversion efficiency measured for all three WLS films is plotted in Figure 3 . To our knowledge, this work represents the first stand-alone measurement of the absolute fluorescence efficiency of TPB in a PS matrix. Previous measurements have always measured this efficiency relative to some standard fluor (see e.g. Ref. [30] ). (For a more detailed discussion on possible uncertainties resulting from the use of a standard fluor, see Ref. [22] ). We first see that the shape of the efficiency curve is very similar to that measured in Reference [22] , but the normalization is ≈ 60% that measured for vacuum deposited films. We also note that there is very little difference between the "standard" PS + TPB film and the deuterated one. Finding no significant difference in fluorescence behavior between protonated and deuterated samples is in line with previous work indicating that torsional and vibrational modes involving large structures of the molecule (such as the phenyl rings and the backbone) play an important role in determining the TPB fluorescent efficiency and spectrum [31, 32, 33, 34] .
On the other hand, it does seem that the process of annealing the film degrades its efficiency to roughly 75%. We speculate that it is the WLS film, rather than the PMMA substrate, that was affected by the annealing although we do not know what the reason is for the performance deterioration of the WLS film with annealing.
One clear path forward for extensions to this work comes from the fact that helium scintillation light is emitted at 80 nm, well below the short-wavelength cutoff for our lamp in its current configuration. We are examining the possibility of replacing our current lamp with a windowless, differentially pumped plasma lamp. Such a light source would not only extend our reach to much shorter wavelengths but also offer greater overall photon intensity, making fluorescence measurements much simpler to collect.
Conclusions
We study the effect of deuteration and annealing on the fluorescence spectrum shape and VUV to visible conversion efficiency of TPB films in a polystyrene matrix with input light from 120 to 220 nm. We observed no discernible difference in the fluorescence spectrum shape between any of the films. The deuterated film performed equally well compared to the standard one in terms of conversion efficiency, but annealing seems to degrade this efficiency to roughly 75% of its non-annealed value at all wavelengths studied.
The problem of collecting the scintillation photons from noble gases can be a rather tricky one because VUV photons are strongly absorbed by most common optical train components. WLS films are a comparatively simple and inexpensive way to address this problem. It does, however require a more detailed understanding of their optical propoerties in one's detector. Measurements like the one described here can help provide that understanding, making possible the next generation of detectors in fundamental physics research.
